Introduction
============

After initial radiotherapy (RT) for non-metastatic prostate cancer (PCa), between 20% and 30% of patients exhibit biochemical relapse. In high-risk localized PCa, hormones combined with RT significantly improve long-term cancer-specific and overall survival rates, but 30% of these patients still die with a median follow-up of 7.6 years.[@b1-ijn-12-6357]

Chemotherapy using docetaxel (DTX) is the standard therapy for patients with hormone-refractory PCa. Although the combination of DTX with RT and hormonotherapy (HT) is feasible in high-risk localized PCa, the treatment is highly toxic, which may curb any survival benefit.[@b2-ijn-12-6357],[@b3-ijn-12-6357] DTX drives cells into G~2~/M cell cycle arrest by microtubule inhibition. Cells in the G2 or M phase are highly radiosensitive.[@b4-ijn-12-6357] However, the clinical applications of DTX are limited both by multidrug resistance mechanisms[@b5-ijn-12-6357] and its severe toxic side effects.[@b6-ijn-12-6357] Thus, it is of interest to develop carriers of DTX able to maintain the drug inside cancer cells to improve its efficacy and to limit the associated side effects due to systemic circulation.

Nanotechnologies devoted to health have shown considerable growth in terms of innovation and the development of new therapeutic approaches. Nanomaterials and nanohybrids are being developed as contrast agents for magnetic resonance imaging (eg, Combidex^®^ \[ferumoxtran-10\]), as photosensitizers,[@b7-ijn-12-6357] as nanoparticle-based radiosensitizers (gold, gadolinium oxide and so on)[@b8-ijn-12-6357] and as nanocarriers to deliver chemotherapies such as liposome-based Myocet^®^ and Caelyx^®^.

Over the past decade, many models of nanocarriers have been developed for diagnostic or therapeutic purposes. Most of them are spherical, and each type has its own chemical and biologic functions and, above all, its own biodistribution kinetics depending on the parameters such as morphology and composition.

More recently, our group evaluated the biologic effects of titanate nanotubes (TiONts) in vitro using glioblastoma cell lines.[@b9-ijn-12-6357] These TiONts present new options thanks to their external chemical surface, for example, which allows various molecules to be grafted via the available hydroxyl groups.[@b10-ijn-12-6357] Moreover, in contrast to the majority of metal oxide nanoparticles currently developed, TiONts are needle shaped.[@b9-ijn-12-6357] TiONts are able to penetrate cells through the possible combination of endocytosis and diffusion with no cytotoxicity and are maintained inside the cells for at least 10 days in vitro.[@b9-ijn-12-6357]

The purpose of this study was to develop a nanocarrier combining TiONts with DTX (TiONts-DTX) and to evaluate its in vivo biodistribution after intratumoral injection as well as its radiosensitizing efficacy in association with RT in a PCa model.

Materials and methods
=====================

Development of TiONts-DTX
-------------------------

First, TiONts were prepared from TiO~2~ rutile precursor (Ti oxide, at least 99% pure) by classical hydrothermal synthesis, as described in earlier publications.[@b11-ijn-12-6357],[@b12-ijn-12-6357] In the second step, TiONts were modified by 3-aminopropyl triethoxysilane (APTES) in large excess via hydrolysis and condensation in a solution of water and ethanol (50:50 v:v) under magnetic stirring at 20°C for 24 h to produce TiONts-APTES (hereafter referred to as TiONts-NH~2~).[@b10-ijn-12-6357],[@b13-ijn-12-6357],[@b14-ijn-12-6357] Then, in the presence of 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (10 mol equiv.) and *N*-hydroxysuccinimide (NHS, 20 mol equiv.), TiONts-NH~2~ were reacted with PEG-3000 in 0.1 M borate buffer (magnetic stirring, pH =8.5 at 20°C for 24 h) to generate PEGylated TiONts (TiONts-PEG), as described in [Figure 1](#f1-ijn-12-6357){ref-type="fig"}. Third, DTX activated with *p*-maleimidophenyl isocyanate (PMPI; DTX-PMPI) was mixed with TiONts-PEG to finally yield TiONt-based DTX nanocarriers (TiONts-DTX) using an excess of tris(2-carboxyethyl)-phosphine hydrochloride to reduce disulfides between TiONts-PEG nanohybrids. The reaction took place in PBS (0.1 M and pH =7.4) for 24 h.

All TiONts (bare nanotubes and nanohybrids presented in [Figure 1](#f1-ijn-12-6357){ref-type="fig"}) were purified by dialysis and ultrafiltration (on a 100 kDa MWCO RC \[molecular weight cut-off, regenerated cellulose\] membrane) with pure water before drying (freeze drying) to eliminate contaminant metals, chemicals and biogenic components. In addition, they were also characterized by transmission electron microscopy (TEM), thermogravimetric analysis (TGA), specific surface area measurements, zeta potential, Fourier transform infrared spectroscopy, X-ray photoelectron spectrometry and Raman spectroscopy.

TiONts-DOTA synthesis and radiolabeling by ^111^In
--------------------------------------------------

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)-NHS macrocycles were grafted on free amino groups of TiONts-DTX. DOTA-NHS molecules were added to a PBS solution (0.1 M and pH =7.4) containing TiONts-DTX under magnetic stirring for 6 h at 20°C to produce single photon emission computed tomography (SPECT-CT)-capable TiONts-DTX (TiONts-DTX-DOTA), as shown in [Figure 1](#f1-ijn-12-6357){ref-type="fig"}. For the in vivo and ex vivo biodistribution studies, DOTA macrocycles were labeled using ^111^InCl~3~ to yield radiolabeled TiONts-DTX-DOTA\[^111^In\] nanohybrids. The reaction took place in ammonium acetate (0.1 M; pH =5.4). The solutions were stirred using a thermomixer at 100°C for 1 h. The quality of radiolabeling was determined by instant thin layer chromatography, and the yield was 90% with radiochemical purity higher than 99% after purification. The absence of free ^111^In was verified with a DTPA (diethylenetriaminepenta-acetic acid) challenge test in order to evaluate the labeling stability of TiONts-DTX-DOTA\[^111^In\]. Indeed, the results showed excellent stability without transmetalation or the release of radioelements after 5 consecutive days, which is sufficient time to conduct medical imaging.

### Cells and animals

Human PC3 prostate adenocarcinoma cells (ATCC) were cultured in Dulbecco's Modified Eagle's Medium with 10% fetal bovine serum at 37°C and 5% CO~2~. Balb/c nude male mice were purchased at 6 weeks of age (Charles River, Saint Germain-Nuelles, France).

Five weeks before the experiments, tumors were induced subcutaneously by injecting 10^6^ of PC-3 cells in 200 μL serum-free culture medium containing Matrigel (50:50, v:v; BD Biosciences) into the right flank of mice. PC-3 tumor cells were implanted 48 h after whole-body irradiation with a γ-source (2 Gy, ^60^Co; BioMep, Bretennière, France) was performed in order to improve both tumor development and growth homogeneity. The mice bearing PC-3 tumors were produced by Oncodesign (Dijon, France).

All mice were maintained in specific pathogen-free conditions, and all experiments followed the guidelines of the Federation of European Animal Science Associations. All animal experiments were approved by the Ethics Committee of the University of Burgundy (France).

### In vitro evaluation of nanohybrid cytotoxicity

To evaluate DTX cytotoxicity, the PC-3 cells were seeded in 96-well plates at a concentration of 3,000 cells/well and incubated at 37°C in 190 μL of drug-free culture medium (DMEM) with 10% fetal bovine serum for 24 h before treatment (when the cells were at around 20% confluence). The cytotoxicity assays were performed with five samples at each concentration of naked TiONts, free DTX, DTX-PMPI or TiONts-DTX. Tumor cells were incubated (+10 μL of drug in 190 μL of culture medium) with a range of equivalent DTX concentrations from 0.5 to 500 nM (100 nM of DTX corresponds to 0.35 μg of TiONts from TGA). After 96 h of incubation, cell viability was evaluated using MTS assay (Promega Corporation, Fitchburg, WI, USA) according to Mirjolet et al.[@b15-ijn-12-6357]

### Transmission electron microscopy

Twenty-four hours after intratumoral administration of TiONts-DTX, three tumors were collected and fixed in 4% paraformaldehyde and 1.5% glutaraldehyde. Samples were prepared as previously described to be examined under an H7500 electron microscope (Hitachi Corporation).[@b9-ijn-12-6357]

### TiONts-DTX biodistribution analysis

^111^In was chelated by TiONts-DOTA (see the section on radiolabeling above and [Figure 1](#f1-ijn-12-6357){ref-type="fig"}) to monitor nanohybrid location after in vivo injection into mice using NanoSPECT/CT^®^ small animal imaging tomographic gamma camera (Bioscan Inc.). Fifty microliters of TiONts-DTX-DOTA\[^111^In\] containing 5 MBq activity (or 50 μL of DOTA\[^111^In\] containing 20 MBq activity) was injected at several points into the tumors of six subcutaneous PC-3 human prostate tumor-bearing mice. In vivo biodistribution from 1 to 96 h after injection was analyzed using SPECT/CT imaging. Seven days postinjection, the animals were killed. The tumor, lungs, liver, kidneys and bladder of each mouse were collected, and the radioactivity in these samples was measured using a gamma counter (Wizard 1480; PerkinElmer).

### Evaluation of the efficacy of TiONts-DTX combined with RT

To evaluate the benefit of nanohybrids combined with RT, 50 μL of TiONts-DTX (containing 12 μM of DTX grafted onto 10 μg of TiONts, corresponding to 60 μmol DTX/g TiONts in the designed nanohybrid and from TGA measurement) was injected into the tumors. After 24 h of incubation, the tumors were irradiated with three daily fractions of 4 Gy using a brachytherapy iridium projector (Microselectron HDR; Elekta).

When the tumors reached a mean tumor volume of around 200 mm^3^, the mice were randomized according to their individual tumor volume into eight groups (vehicle IT injection ± RT, DTX ± RT, TiONts ± RT and TiONts-DTX ± RT), with each containing seven mice, using Vivo Manager^®^ software (Biosystemes, Couternon, France).

The behavior and health status of the mice were monitored twice a week, and the tumor volumes were measured using calipers until tumor growth recovery (to a maximum of 2,000 mm^3^). The time for the tumor to reach 1,000 mm^3^ was assessed for each group and compared using the nonparametric Mann--Whitney *U* test.

Results
=======

TiONts were prepared as described in an earlier publication.[@b16-ijn-12-6357] They were successfully functionalized to create DTX-bearing nanohybrids using an original step-by-step approach.[@b16-ijn-12-6357] The success of each grafting step was verified by different characterization techniques (TEM, TGA, X-ray photoelectron spectrometry, Fourier transform infrared spectroscopy, Raman spectroscopy, zeta potential measurements), and functionalized TiONts were shown to significantly enhance their suspension stability for the targeted biomedical application.[@b16-ijn-12-6357] The graft ratios after the addition of APTES, PEGylation, DTX incorporation and DOTA-NHS grafting were determined by TGA.[@b16-ijn-12-6357] TiONts-DTX-DOTA presented 2.1 DOTA/nm^2^ and 0.2 DTX/nm^2^.

In vitro cytotoxicity assessment
--------------------------------

Free DTX presented the greatest cytotoxic effect with an IC~50~ parameter evaluated at \~2--3 nM. The PMPI-activated DTX induced a decrease in cytotoxic activity, leading to an IC~50~ of 15--20 nM for this compound. As expected, the TiONts-DTX finally presented the lowest cytotoxic activity (IC~50~ evaluated at 350--400 nM; [Figure 2](#f2-ijn-12-6357){ref-type="fig"}).

In these technical conditions, naked TiONts did not exhibit toxicity in PC-3 cells.

Similar results were observed with another prostate cancer cell line (22RV1, data not shown).

Biodistribution analysis
------------------------

The biodistribution kinetics assessed using SPECT-CT imaging showed that 1 h after intratumoral administration, a significantly higher amount of TiONts-DTX-DOTA\[^111^In\] activity (94.0% \[mean {88.4%−99.7%}\] of the administrated dose) was retained inside the tumor as compared to DOTA-^111^In vehicle (only 3.8% \[mean {0.6%−5.8%}\] tumor retention). A mean of 72.9% (\[70.3%−75.4%\]) of TiONts-DTX-DOTA\[^111^In\] was maintained inside the tumor 96 h after intratumoral injection ([Figure 3A2](#f3-ijn-12-6357){ref-type="fig"}), whereas DOTA\[^111^In\] vehicle was totally absent from the tumor 3 h postinjection ([Figure 3A1](#f3-ijn-12-6357){ref-type="fig"}). The quantity of TiONts-DTX localized inside the tumor decreased slowly between 3 and 96 h after injection ([Figure 3A2](#f3-ijn-12-6357){ref-type="fig"}). From 24 h after injection, TiONts-DTX were detected in moderate quantities inside the liver (from 4.4% \[mean {1.1%−7.6%}\] of TiONts-DTX injected at 24 h to 5.2% \[mean {1.3%−9.1%}\] at 96 h) and kidney (from 3.1% \[mean {2.6--3.8}\] of TiONts-DTX injected at 24 h to 4.1% \[mean {2.5%−6.1%}\] at 96 h). The quantity of TiONts-DTX detected within the lungs was \<1.2% of the dose of TiONts-DTX administered.

Seven days after the injection, 73.0% (mean \[60.0%−86.0%\]) of TiONts-DTX-DOTA\[^111^In\] was still localized inside the tumor ([Figure 3B](#f3-ijn-12-6357){ref-type="fig"}), 6.2% in the liver (mean \[1.9--10.5\]), 3.9% in the kidney (mean \[3.9--3.9\]) and 0.8% in the lung (mean \[0--1.5\]).

Efficacy of TiONts-DTX combined with RT
---------------------------------------

TEM analysis showed that during RT administration (24 h after injection), TiONts-DTX were localized inside the cells ([Figure 3C](#f3-ijn-12-6357){ref-type="fig"}) and more particularly in the cytoplasm.

Tumor volumes of control, placebo, free DTX and naked TiONts groups were comparable. Three of the four groups that received RT presented slowed tumor growth compared with the first four groups without RT ([Figure 4](#f4-ijn-12-6357){ref-type="fig"}).

Interestingly, mice treated with TiONts-DTX without RT exhibited a trend toward slowed tumor growth to reach a volume of 1,000 mm^3^, compared with mice receiving free DTX (40.5 days \[median {15.0--50.0}\] vs 30.8 days \[median {21.3--49.5}\], respectively; *P*=0.11).

Free DTX associated with RT did not present any effect since the tumor growth curves for DTX + RT, bare TiONts + RT and placebo + RT groups overlapped.

Mice receiving TiONts-DTX associated with RT exhibited significantly slowed tumor growth to reach a volume of 1,000 mm^3^, compared with mice receiving free DTX + RT (73.7 days \[median {58.9--89.0}\] vs 56.0 days \[median {31.5--74.0}\], respectively; *P*=0.013; [Figure 4](#f4-ijn-12-6357){ref-type="fig"}). According to the effect of TiONts-DTX and RT alone, we can conclude that TiONts-DTX and RT induce an additive effect.

Discussion
==========

In this study, we highlighted that our nanotube DTX carrier (TiONts-DTX) was able to stay inside the tumor for several days after intratumor injection. Moreover, its association with RT delayed tumor growth even further.

DTX is able to arrest cells in the radiosensitive G~2~/M phase of the cell cycle and can increase radiosensitivity by a factor of 2.5.[@b17-ijn-12-6357] Several trials have evaluated tolerance to DTX combined with hormonal therapy and RT for high-risk PCa.[@b2-ijn-12-6357],[@b18-ijn-12-6357],[@b19-ijn-12-6357] The results of a Phase II trial showed that although feasible, 30% of Grade 3 or higher toxicities was observed.[@b2-ijn-12-6357] More recently, the GETUG-12 trial found improved relapse-free survival with sequential DTX combined with HT and RT compared with HT alone.[@b18-ijn-12-6357] As a consequence, it seems interesting to develop chemoradiation treatments in high-risk PCa, as they may improve the therapeutic ratio by decreasing systemic toxicities while maintaining a high radiosensitizing effect when delivered concomitantly.

The clinical applications of DTX remain limited because of multidrug resistance mechanisms and its known toxic side effects.[@b6-ijn-12-6357],[@b20-ijn-12-6357] Therefore, in order to avoid the above-mentioned drawbacks of free DTX, we aimed to develop a safe nanoparticle-based DTX carrier to administer the drug directly into prostate tumors and to keep it there for longer.

In a previous study, we demonstrated that TiONts remained within glioma cancer cells for more than 10 days.[@b9-ijn-12-6357] Thus, these interesting characteristics of nanotubes make them ideal chemo-nanocarriers capable of keeping a drug inside tumors.

Recently, Kumar et al also associated DTX to silica nanoparticles, carried by needles of brachytherapy spacers for PCa.[@b21-ijn-12-6357] In their device, DTX was not linked to the spacers and was delivered inside the tumor. So far, these authors have only demonstrated the feasibility of using their device by a preliminary in vivo study. Its efficacy, when used in association with RT, has still to be demonstrated. Unlike the strategy chosen by Kumar et al, we developed TiONts-based nanocarriers that remained linked to DTX molecules. DTX stays within the tumor as long as these needle-shaped nanoparticles remain within tumor cells too.

In spite of the diminished cytotoxic activity of TiONts-DXT compared with free DTX, we decided to evaluate this nanohybrid on the assumption that TiONts would keep the DTX inside the tumor for longer and would thus have a longer cytotoxic activity than free DTX. However, in a future study, we will modify PEG length to try to improve this activity, that is, to facilitate DTX--tubulin interactions.

The slowed tumor growth shown in [Figure 4](#f4-ijn-12-6357){ref-type="fig"} seems very interesting because only 12 μM of DTX was injected, which is equivalent to 25 μg/kg. These quantities were 200 times less than those used in other studies (5 mg/kg for polymeric nanoparticles containing DTX).[@b22-ijn-12-6357] In addition, 12 μM of DTX would correspond to a dose of 75 μg/m^2^ (for a 20 g mouse with a body surface area of 66 cm^2^), as compared witĥ75 mg/m^2^ for IV injections of DTX in humans.

Concerning the curves for the TiONTs-DTX + RT and DTX + RT groups, we found that tumor growth was significantly delayed in the group treated with the nanocarrier. However, we found no obvious difference between these two groups during the first 40 days after treatment. Ionizing radiation can induce instantaneous death, but also delays death (clonogenic death). This death is induced after the activation of inefficient DNA repair mechanisms. In clinical situations, the effects of RT may be seen several weeks after the end of the treatment. This is why tumor growth in the TiONts-DTX + RT groups slowed down.

By the in vivo approach, we demonstrated that the TiONts-DTX group presented a trend toward better treatment efficacy compared with the free DTX group. This trend could be explained by DTX retention inside tumor cells by TiONts. For similar reasons, TiONts-DTX, compared with free DTX, significantly improved the RT efficacy.

In a previous study, TiONts were injected IV. In this first biodistribution study, we found a higher accumulation of TiONts inside the lungs and liver 1 h after IV injection, but this decreased rapidly. These accumulations thus decreased via the elimination of TiONts in the urine (4 and 24 h in the lung and liver, respectively).[@b23-ijn-12-6357] These results highlighted that the localization of TiONts in the lung and liver was not definitive, and the tubes could be eliminated. However, before starting a clinical trial, an in-depth analysis of the biodistribution kinetics of TiONts-DTX over a longer period seems necessary to evaluate the total clearance of nanohybrids and to overcome the accumulation of TiONts inside healthy organs.

To improve TiONts-DTX + RT efficacy before clinical development, we are considering increasing the quantity of DTX grafted onto nanoparticles and adding gold nanoparticles. This new study aims to improve the efficacy of RT even further using gold, which has a high atomic number (Z=79) and can thus amplify the photoelectric effect.[@b24-ijn-12-6357]

Obviously, the next step for the development of our gold-DTX-nanocarrier will be a new biodistribution study using later time kinetics to ensure that TiONts do not remain within healthy organs.

After these preclinical results, we may hope to improve progression-free survival in our patients with locally advanced prostate cancer.

To conclude, this new nanocarrier remained within the tumor for several days and improved RT efficacy. So, it could be injected in men harboring high-risk localized PCa using prostate brachytherapy needles, as previously described by Quivrin et al,[@b25-ijn-12-6357] in order to enhance radiation response. Ultrasound/magnetic resonance imaging fusion during the brachytherapy procedure may also guide the physician in injecting our nanocarrier focally in the index lesion.[@b25-ijn-12-6357]
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![TiONts-DTX and TiONts-DTX-DOTA\[^111^In\] synthesis steps.\
**Notes:** APTES-modified titanate nanotubes (TiONts-APTES) (**A**) are combined with α-acid-ω-thiol-poly(ethylene glycol) (HOOC-PEG-SH, MW =3,000 Da) (**B**) to generate PEGylated nanotubes (TiONts-PEG-SH) (**C**) by amide formation. In the second step, (**C**) is combined with PMPI-modified docetaxel (DTX-PMPI) (**D**) to finally yield the TiONts-PEG-DTX nanohybrid (**E**). The nanohybrid (**E**) is subjected to the reaction of amide formation in the presence of (iii) DOTA-NHS macrocycles to yield nanohybrid (**F**) (TiONts-DTX-DOTA). In a subsequent step, (**F**) allows the chelation of indium radionuclides (from ^111^InCl~3~) into DOTA macrocycles to produce SPECT-capable nanohybrid (**G**) (TiONts-DTX-DOTA\[^111^In\]).\
**Abbreviations:** APTES, 3-aminopropyl triethoxysilane; DTX, docetaxel; SPECT, single-photon emission computed tomography; TiONts, titanate nanotubes; PMPI, *p*-maleimidophenyl isocyanate.](ijn-12-6357Fig1){#f1-ijn-12-6357}

![TiONts-DTX cytotoxic activity evaluation.\
**Notes:** PC-3 cells were treated with free DTX, activated DTX (DTX-PMPI), DTX grafted to TiONts (TiONts-DTX) or bare TiONts (concentration equivalent to TiONts-DTX) for 96 h. Each point corresponds to the mean values of five replicates ± SD (results shown are representative curves from two independent experiments).\
**Abbreviations:** DTX, docetaxel; TiONts, titanate nanotubes; PMPI, *p*-maleimi-dophenyl isocyanate.](ijn-12-6357Fig2){#f2-ijn-12-6357}

![TiONts-DTX biodistribution analysis.\
**Notes:** (**A**) SPECT-CT imaging of kinetics and biodistribution analysis for each organ (expressed as a percentage of injected ^111^In activity, taking into account the decrease in ^111^In activity after the injection of DOTA\[^111^In\] (**A**1) or TiONts-DTX-DOTA\[^111^In\] (**A**2)). (**B**) TiONts-DTX-DOTA\[^111^In\] biodistribution in dissected organs by radioactivity detection using gamma counting 7 days after injection (mean value ± SD). (**C**) TEM images showing the intracellular location of TiONts-DTX 24 h after injection into PC-3 tumors.\
**Abbreviations:** DTX, docetaxel; SPECT-CT, single-photon emission computed tomography-computed tomography; TEM, transmission electron microscopy; TiONts, titanate nanotubes.](ijn-12-6357Fig3){#f3-ijn-12-6357}

![Therapeutic effect of vehicle, free DTX, free TiONts, and TiONts-DTX associated or not with RT administered with three daily fractions of 4 Gy, 24 h after injection into PC-3 xenografted tumors.\
**Notes:** Data are mean values of tumor volumes ± SD (n=7 per treatment group, eight treatment groups). \**P*=0.013 (TiONts-DTX + RT vs DTX + RT or TiONts + RT), comparison performed using nonparametric Mann--Whitney test.\
**Abbreviations:** DTX, docetaxel; RT, radiotherapy; TiONts, titanate nanotubes.](ijn-12-6357Fig4){#f4-ijn-12-6357}
